Experimental studies that follow behavior of single probes embedded in heterogeneous systems are increasingly common. The presence of probes may perturb the system, and such perturbations may or may not affect interpretation of host behavior from the probe observables typically measured. In this study, the manifestations of potential probe-induced changes to host dynamics in supercooled liquids are investigated via molecular dynamics simulations. It is found that probe dynamics do not necessarily mirror host dynamics as they exist either in the probe-free or probe-bearing systems. In particular, for a binary supercooled liquid, we find that smooth probes larger than the host particles induce increased translational diffusion in the host system; however, the diffusion is anisotropic and enhances caging of the probe, suppressing probe translational diffusion. This in turn may lead experiments that follow probe diffusion to suggest Stokes-Einstein behavior of the system even while both the probe-free and probe-bearing systems exhibit deviations from that behavior.
INTRODUCTION
The dynamics of supercooled liquids remain relatively poorly understood and have thus been the subject of continued study. One clear difference between typical and supercooled liquid dynamics is apparent in the non-exponential relaxations found in supercooled systems. Such relaxations are consistent with the presence of dynamic heterogeneity in these systems, and recent experiments and simulations on glass forming liquids in the supercooled regime support that these systems are dynamically heterogeneous. 1, 2 While the presence of dynamic heterogeneity in small molecule supercooled liquids is thus largely agreed upon, detailing the size of these heterogeneous regions as well as the time scales over which they persist has been a topic of serious experimental focus in recent years, and results remain inconsistent at least in part because different experiments performed may probe different sub-ensembles of molecules and/or measure somewhat different quantities. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] Of experiments that investigate the length and time scales associated with heterogeneous dynamics in small molecule supercooled liquids, most utilize probes to follow dynamics in particular spatial or dynamical sub-ensembles of the supercooled liquid. While multi-dimensional NMR experiments use probes that differ from the host molecules only via isotopic labeling, most probe-bearing experiments are performed with fluorescent probes. In ensemble and some sub-ensemble experiments, fluorescent probes may be carefully chosen to resemble the host molecules in size and chemical functionality. To interrogate individual molecular scale environments, single molecule fluorescence approaches are utilized. These techniques require probe molecules of very high absorption a) Present address: Department of Chemistry, Ludwig-MaximiliansUniverstat, Munich, Germany. b) Author to whom correspondence should be addressed. Electronic mail:
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cross section and fluorescence quantum yield. Such molecules tend to be large and conjugated and, as such, cannot generally be well matched in structure or size to the host molecules under study. Using a probe that is large relative to the host molecules may affect probe ability to report the presence, size, and time scales associated with heterogeneous dynamics in the hostas those dynamics exist in the pure supercooled liquid -via several routes. First, as the probe becomes large compared to the size of the heterogeneous regions, the probe will span several regions, reporting only an average time scale. Additionally, as the probe becomes large, it also tends to become slow, and a slow probe may average over dynamic exchanges occurring in the system over time. The possibility that a large and/or slow probe may average over dynamic heterogeneities has been investigated in bulk and subensemble experiments. 3, 4, 14, 16, [21] [22] [23] [24] [25] [26] These experiments suggest that only probe molecules with similar hydrodynamic radius and mass to the supercooled liquid molecules can be expected to mirror dynamics and, in particular, dynamic heterogeneities in the surrounding system. One key finding was that for a set of probe/host molecules, all probes with mass ≥1.5 times that of the host molecule displayed single exponential relaxations even while solvation experiments on the supercooled liquid in the vicinity of the probes displayed non-exponential relaxations.
14 On the other hand, a recent single molecule study found heterogeneous dynamics reported in a probe/host system with mass ratio of probe to host of >8. 20 This discrepancy may reflect different extents of heterogeneous dynamics in the host supercooled liquids under study and/or differences in the experiments performed. Regardless of particular findings, it is clear that probes must average over dynamic heterogeneities when they are very large and/or slow compared to the size and/or persistence times of dynamic heterogeneities in the host system.
Probe averaging over dynamic heterogeneities in supercooled liquids can thus occur and must be considered when interpreting results of probe-bearing studies; however, probe presence may also affect measurements in supercooled liquids in a more insidious fashion. The probe may perturb the local environment and local heterogeneous dynamics of the supercooled liquid and then preferentially report on that altered environment. Previous researchers have considered this possibility, and most single molecule fluorescence studies of supercooled liquids have refuted this idea through demonstration that the temperature dependence of probe rotation in the supercooled liquid mirrors that of the host as measured via viscosity or similar probe-free measurements. 17, 18, 20 While the rotational diffusion time of a probe tracking the viscosity of the host is a necessary condition if a probe is not altering the supercooled liquid dynamics, it is not sufficient to demonstrate that the probe is not altering the distribution of rotational or translational diffusion times of host molecules in the vicinity of the probe.
Though in experiments there are significant challenges to observing both host and probe behavior directly and simultaneously, this can be done with ease in simulation. Molecular dynamics simulations in a variety of probe-bearing supercooled and/or dense systems have been performed previously; however, there has been little explicit focus on the potentially reciprocal interactions between probe and host behavior. [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] Recently, we demonstrated that probes may alter host dynamics in supercooled liquids. 41 In this work, a binary KobAndersen (KA) supercooled liquid was simulated in the presence of smooth and rough probes with diameter 2 to 7 times that of the larger particles in the KA system. It was found that probes induced changes in the environment: smooth probes caused the mobility of particles in the first several solvation shells around the probe to increase, while rough probes induced the opposite behavior. While that work clearly demonstrated that probes may affect host dynamics, it did not follow the behavior of the probe in that altered environment, the only observable that can be tracked in most probe-bearing experiments. In this work, we follow probe behavior in environments affected by probe presence to further elucidate the information content of experiments using large probes in supercooled liquids.
SIMULATION DETAILS
A smooth spherical probe (p) is embedded in a supercooled liquid consisting of 3000 particles as described in an earlier study. 41 The model for the supercooled liquid is a binary mixture with a 4:1 ratio of A and B particles interacting via a Lennard-Jones (LJ) potential. [42] [43] [44] The LJ potential is given by V αβ (r) = 4ε αβ [(σ αβ /r) 12 − (σ αβ /r) 6 ], where α, β ∈ {A, B, p}. The LJ parameters for the interaction between the A particles are σ AA = 1.0 and ε AA = 1.0 and between the B particles are σ BB = 0.88 and ε BB = 0.5. The LJ parameters for the interaction between the A and B particles are σ AB = 0.80 and ε AB = 1.5, ensuring that the system does not crystallize. The mass of the A and B particles is m A = m B = 1.0. The interaction of the probe with the A and B particles is determined by σ px = (σ p + σ x )/2 with σ x = σ AA or σ BB and In our previous work, pressure (P* = Pσ AA 3 /ε AA ) was kept nearly constant as a function of temperature (P* ≈ 2 at T* = 0.48 and P* ≈ 3 at T* = 0.70) for all systems by changing the box volume (V* = L* 3 , with L* is the size of one side of the cubic box) with temperature (and probe size), resulting in somewhat different volume fractions (φ* = (N A r* A 3 + N B r* B 3 + N p r* p 3 )/V*) and densities (ρ* = N/V*) for each system. 41 In this work, box size is also changed with probe size but not with temperature. In this formulation, volume fraction is kept constant across temperature, and pressure varies somewhat more with temperature but remains in a range such that pressure effects are not expected. 45 Specific values are given in Table I for the four temperatures investigated, T* = 1.0, 0.7, 0.6, and 0.48.
The molecular dynamics simulations are performed using GROMACS. 46, 47 The system is equilibrated for at least 10 7 steps for each simulation using the Berendsen thermostat. The production runs are done in the microcanonical ensemble (N,V,E). For long time dynamics, simulations are performed with a time step of dt* = 0.01 and 5 × 10 5 time steps for the highest temperature investigated and 1 × 10 7 time steps for the lowest temperature. A time step of dt* = 0.002 is used for short time simulations. For each temperature and each probe size, five simulations from different initial configurations are performed to achieve good statistics.
RESULTS AND DISCUSSION

Structure and dynamics of the system
The structure of the probe-bearing systems is investigated via the radial distribution function (rdf), rdf = g ij (r) = dn ij (r)/4πr 2 drρ i with i,j ∈ {A,B} and ρ density. The radial distribution functions g AA (r*), g AB (r*), and g BB (r*) are virtually indistinguishable for the systems with probes of σ p = 1-5, with the first and subsequent peaks in the same position in all cases and the height and width of the peaks nearly identical (as shown in Fig. 1 (a) for g AA (r*)), demonstrating that the bulk structure of these systems is insensitive to probe presence or size. More subtle differences in the structure of these systems can be ascertained by investigating the rdf of particles relative to the probes in the binary supercooled liquid, g ip (r) = dn ip (r)/4πr 2 drρ i with i ∈ {A,B}. The inset of Fig. 1(b) shows g Ap (r*) for systems with σ p = 1-5. Shifting each of the g Ap (r*) functions by σ p /2 reveals that the position of the first peak of the radial distribution functions is very similar relative to the probe, with a slight shift to the right with increasing probe size, from r*−σ p /2 ≈ 0.57 for σ p = 1 to ≈ 0.59 for σ p = 5 ( Fig. 1(b) ). While this difference is subtle, the height and width of the first peaks are noticeably different, with the peak becoming lower and broader with increasing probe size. Additionally, subsequent peaks in the radial distribution function change, with a loss of the split in the second peak seen for all probes of σ p ≥ 2 and slight shifts to the right for all peak positions with increasing probe size. The decrease in height and increase in width of the first peak as well as the loss of split in the second peak seen in g Ap (r*) with increasing probe size are indicative of a less glassy environment than is reflected in g Ap (r*) for σ p = 1 (or the identical g AA (r*)) at this temperature. This is consistent with the finding that the first peak of the radial distribution function becomes lower and broader with increasing temperature in the KA system. 42 The fact that a σ p ≥ 2 probe-bearing system at T* = 0.48 appears less glassy as assessed by g Ap (r*) than a probe-free system at this temperature suggests that the particles in the probe-bearing system may be more mobile than are those in a probe-free KA system at this temperature. The dynamics of the probe-bearing binary liquids are first characterized by mean square displacement (MSD), which yields a diffusion constant D. The MSD is calculated according to MSD = r 2 (t) = (1/N) (r j (0) − r j (t)) 2 , where r j (t) is the position of particle j at time t, and the sum is over all particles, N. , with D A(p) the diffusion constant of the large A particles in a system bearing a σ p = p probe. As described in the previous work, a smooth spherical probe larger than the A particles induces an increase in translational diffusion of the particles surrounding the probe. 41 The diffusion constants for these systems are shown in Fig. 2(c) . The same trend is found for B particles (data not shown).
The dynamics of the probe-bearing binary liquids can also be characterized by the self part of the intermediate scattering function, F s (q,t), which yields the alpha-relaxation time, τ α . The self part of the intermediate scattering function is given by F s (q, t) = (1/N) e iq[r j (t)−r j (0)] , where r j (t) is the position of particle j at time t. 48 The wavevector for the A particles at which F s (q,t*) is calculated is q = 7.25, the peak of the static structure factor of these systems regardless of probe size. Figure 2(b) shows the self-intermediate scattering function for the A particles for systems in the presence of probes of various sizes at T* = 0.48. From F s (q,t*) we obtain the alpha-relaxation time, τ α ,A(p) , defined as the time when the F s (q,t*) of the A particles in a system with a probe of σ p = p decays to its 1/e value. Consistent with the increase of diffusion constant of large A particles as a function increasing probe size, τ α ,A(p) decreases with increasing probe size. The alpha-relaxation times as a function of probe size are shown in Fig. 2(c) . The same trend is found for B particles (data not shown).
As described in Ref. 41 , the accelerated dynamics seen in the binary supercooled liquid in the presence of large, smooth probes disappears in the limit of an infinite system. The increase of diffusion constant and decrease of alpha-relaxation time for the particles in probe-bearing systems is dominated by an increase in motion of particles in the first solvation shells around the probe. This effect decays as a function of distance from the probe. This was shown through the investigation of radially binned Debye Waller factors in Ref. 41 and is also consistent with the changes in the first several peaks of the radial distribution function for the A particles relative to the probes as shown in Fig. 1(b) . 
Dynamics of the probe
Given the changes in the rdfs, MSDs, and F s (q,t*)s of probe-bearing supercooled systems that indicate that the systems become less glassy in the presence of probes of increasing size, it may be expected that the large probes themselves are more mobile at a given temperature than would be expected in a probe-free KA system at that temperature. To investigate this, we examine the MSDs and F s (q,t*)s of the probes themselves. Figure 3(a) shows the MSDs of large A particles in a σ p = 1 system and of probe particles in systems with probes of σ p = 1 -5 at T* = 0.48. The σ p = 1 system is identical to a probe-free system except it contains a tagged particle of σ p = 1 that is monitored in the same way probes in the other systems are monitored. As such, the MSDs for the A particles and the σ p = 1 particle look very similar, with ≥ 3) , oscillations are apparent in the short time regime of the probe MSDs, which is due to backscattering. For all MSDs, a plateau is evident at intermediate times, indicating that the probe behavior reflects the supercooled nature of the system. The height of the plateau of the MSD decreases with increasing probe size, indicating that the larger probes move within the cage less than the smaller probes. This is due to the large numbers of A and B particles surrounding the probes and imposing Brownian pressure. This trend is consistent with the trend between A and B particles for probe-free systems, where the larger particles move less in the cage and exhibit a lower plateau height than do the smaller particles. The values of the plateau height for the probes and the alterations in system dynamics as a function of probe size are reflected in g Ap (r*) (Fig. 1(b) , inset), with the MSD plateau height inverse linearly related to the position of the first peak of g Ap (r*) for systems with σ p = 2-5.
To investigate whether the increased diffusion constants evident in the host particles of supercooled systems bearing large, smooth probes are also evident in the probes themselves, the long time, linear regime of the MSD (Fig. 3(a) , inset) is investigated, and values for probe diffusion are extracted. First, given that the probes are of different size, even in identical environments a larger probe would be expected to be slower, with dimensionality arguments suggesting that D p ∼ σ p −1 . As expected, the diffusion constants for the probes extracted from the MSDs do decrease with increasing probe size. Given that large smooth probes speed up the particles in the shells surrounding these probes, we investigate whether the slow down as a function of probe size is less than expected due to probe size alone via the quantity D A(p) /(D p *σ p ) (Fig. 3(b) ). At σ p = 1, this quantity is near one regardless of temperature, as is expected, with deviations from 1 reflecting statistical error associated with tracking a single probe. At larger probe size, however, this quantity increases with decreasing temperature, indicating that the probe translational diffusion constant is smaller than would be expected based on probe size alone. Thus, even though the particles surrounding the probe exhibit increased diffusion constants due to the presence of the probe, the probe particles themselves do not experience a corresponding increase in diffusion and instead slow down relative to the particles in the surroundings. Because D A(p) is dependent on system size, we also investigate D A(p = 1) /(D p *σ p ) and find that the probe is unexpectedly slow even relative to the diffusion of large A particles in the σ p = 1 system. We note that although the σ p = 1 probe has m p = 4, the diffusion constant of this probe is identical to that of a σ p = 1, m p = 1 particle (data not shown). As such, this shows that the probe is unexpectedly slow even relative to the diffusion of large A particles in a probe-free system (or an infinitely large probe-bearing system, where D A(p) would be equal to D A(p = 1) ).
Temperature dependence of probe dynamics
To further investigate probe dynamics, we evaluate the temperature dependence of probe behavior via both D(T*) and τ α (T*). D is obtained from MSDs as described above. τ α is obtained from F s (q,t*). The wavevector at which the self-intermediate scattering function is evaluated for the probe particles is determined from the static structure factor between the probe and A particles of the probe-bearing systems. F s (q,t*) of the probes is subsequently calculated at the peak wavevector (q = 7.25 for σ p = 1, q = 5.40 for σ p = 2, q = 3.65 for σ p = 3, q = 2.80 for σ p = 4, and q = 2.25 for σ p = 5).
To compare the temperature dependence of D for probes of various sizes, the diffusion constants were fit to the expression D ∝ (T − T c ) γ . Mode coupling theory predicts that the diffusion constant should follow such power-law behavior near a critical temperature, T c . 49 Kob and Andersen previously found the best-fit to this expression using T c = 0.435 and γ = 2.0 for the large A particles and γ = 1.7 for the small B particles. 42, 50 In our slightly less dense σ p = 1 system, we find a very similar critical temperature and somewhat different values of γ . To find the best-fit T c value, the probe diffusion temperature dependence for probes of each size σ p = 1-5 was fit to D ∝ (T − T c ) γ allowing both T c and γ to vary with probe size. The T c values are then averaged, yielding T c = 0.436. With this T c value, all A particle, B particle, and probe diffusion data is well fit by the power-law expression (Fig. 4(a) ). The A and B particles yield γ values of 1.71 and 1.51, respectively, somewhat lower than the values found by Kob and Andersen. This may be due to the lower density of the system studied here, the slightly different temperature range explored, and/or the fact that the power-law fits are relatively insensitive to small changes in γ . [51] [52] [53] The values of γ obtained for the probe diffusion temperature dependence are given in Fig. 4(c) . The value is maximal at σ p = 2 (γ = 2.0) and decreases with increasing probe size to γ ≈ 1.8. Thus, the γ values for the temperature dependence of probe diffusion constants for probes of σ p ≥ 2 are all greater than the 1.7 value obtained for large A particles in a σ p = 1 system and also higher than the values for large A particles in all probe-bearing systems (γ = 1.6-1.7, data not shown). Because the value of γ reports the degree of temperature dependence of diffusion, it is not unexpected that the γ values obtained from probe diffusion constants are greater than those obtained from diffusion constants of the A particles; indeed, this is consistent with the fact that the diffusion constant of the probe deviates from that of the large A particles, becoming slower faster than does the surrounding system with decreasing temperature, as shown in Fig. 3(b) . Similarly, the fact that γ is maximal for σ p = 2 is consistent with the fact that the unexpected slow down in probe diffusion is maximal at σ p = 2 ( Fig. 3(b) ). We further validate the finding for σ p = 2 in a variety of manners. First, simulations for a σ p = 1.5 system are performed and diffusion constants for the probes are obtained and fit to the power-law functional form with T c = 0.436. This yields a value of γ = 1.87, lower than only the σ p = 2 γ value. This suggests the high value obtained for γ for σ p = 2 is likely to represent a true increase relative to those found for larger probes. Additionally, probe diffusion data is also fit to a Vogel role analogous to γ in the power-law expression. 53, 54 T o was set in the same manner as T c , yielding a best-fit value of T o = 0.314, similar to the value of T o = 0.324 found previously for probe-free KA systems. 54 As shown in Fig. 4(c) , the values of 1/K track the values of γ , with the maximum 1/K value again found at σ p = 2. Finally, we track the temperature dependence of the alpha-relaxation times of the probe by fitting probe data to the expression τ α ∝ (T − T c ) −γ . As predicted by MCT, both the T c and γ values should be the same for the power-law dependences of D and τ α , though it was found in the probe-free KA system that for T c = 0.435, the γ values were 2.5 and 2.6 for A and B particles, respectively, for τ α (compared to 2.0 and 1.7, respectively, for D). 50 To achieve best-fits to the power-law, we allowed T c to vary as described above, yielding T c = 0.447, somewhat different from that found for D and, therefore, not in full agreement with the predictions of MCT. However, the γ value found for the power-law dependence of the A particles is nearly identical to that found for the fit of the diffusion constants. For the probe particles, the γ values do deviate somewhat from the γ values obtained for D, but the values track each other and again peak at σ p = 2. These results all support the finding that the probe dynamics in these systems do not change monotonically with probe size even while the particle dynamics do.
Probe dynamics relative to system dynamics
The origin of the surprising behavior indicating probes are slowing down more than would be expected based on size alone in the background of an increasingly mobile KA system can be understood by examining trajectories of particles surrounding the probe. Figure 5 displays two-dimensional projections of the trajectories of the A particles at T* = 0.48 and t* = 500 for single simulations with σ p = 1, 2, and 5. While the trajectories of the particles in the σ p = 1 system appear isotropic, those of particles surrounding the probes in the σ p = 2 and σ p = 5 systems appear anisotropic, with more motion along the probe than perpendicular to it. This was demonstrated qualitatively in the β-or caged regime in Ref. 41 and is shown for time scales associated with α-relaxation in Fig. 5 . To examine this behavior quantitatively, the MSDs of the A particles in these systems are analyzed as a function of distance from the center of the probe (as defined at t* = 0), in the frame rotated relative to the probe, yielding MSDs both parallel and perpendicular to the probe, as depicted in Fig. 6(a) . The motion of the particles to and away from the probe is captured via the perpendicular mean square displacement, MSD perp . The parallel mean square displacement, MSD par , represents the remaining motion, which captures motion along the probe both in and out of the plane. Figures 6(b) and 6(c) show these same quantities for systems with σ p = 2 and σ p = 5, respectively. For σ p = 2, the total and parallel MSD values are greater than in the σ p = 1 system, especially at t* = 500, while the perpendicular values are not. This is consistent both with the increase in diffusion constant in large A particles shown in Fig. 2(c) and the presence of anisotropic mobility in the system with enhanced motion along the probe. At σ p = 5, these trends are more evident at both t* = 50 and t* = 500. Additionally, it becomes clear that the particle motion is not enhanced uniformly throughout the system. At t* = 500, while there is still an enhancement in total MSD of a factor of ≈1.4 at the furthest distance from the probe, the enhancement is greater than a factor of 3 adjacent to the probe. The enhancement is also most anisotropic near the probe, with the parallel motility enhanced by a factor of nearly 4 over that in the σ p = 1 system while the perpendicular enhancement is less than a factor of 2. At both σ p = 2 and σ p = 5, there is some evidence of not only enhanced motility along the probe for particles adjacent to the probe but also slightly decreased motility perpendicular to the probe relative to that seen at larger distances from the probe. This is likely due to the fact that as the probe itself grows larger, it grows slower and particles nearest the probe have restricted motion towards the probe. However, even given that effect, the more obvious effect is an increase of MSD par , which is both more substantial than the decrease in MSD perp and persists to further distances from the probe. To demonstrate how the anisotropy in diffusion manifests as a function of probe size, the ratio MSD par /MSD perp is plotted as a function of distance from the probe for systems with σ p = 1-5 in Fig. 6(d) . As is consistent with Fig. 6(a) , for systems with σ p = 1, MSD par /MSD perp is ∼2 at all distances from the probe at both t* = 50 and t* = 500. However, with increasing probe size, the ratio increases near the probe. This behavior is similar to that which has been seen in some simulations of supercooled systems near smooth walls, in which the particles near the wall speed up and do so in an anisotropic manner. [55] [56] [57] [58] To further investigate how the behavior of the particles around the probe may influence the behavior of the probe itself, we investigate how the maximum value of MSD par /MSD perp varies with probe size. Indeed, while the anisotropy of the motility of the particles surrounding probes explains how the diffusion constant of the probe may decrease (more than expected from size alone) even while that of the particles in the surroundings increase, it does not explain why this behavior is most obvious in the σ p = 2 system and in fact becomes less prominent as a function of increasing probe size (Figs. 3(b) and 4) . One possibility is that the degree of anisotropy does not increase substantially with increasing probe size, but this does not appear to be the case: indeed the maxima of MSD par /MSD perp at both t* = 50 and t* = 500 increases nearly linearly with probe size (Fig. 6(e) ). Another possibility is that a set of competing factors is at play. For the largest probes studied, even though there is a tendency for the probes to be more fully caged because of particles moving around the probe tangentially, this may be counterbalanced by the fact that at large probe size the surroundings FIG. 6 . MSD values as a function of distance from the probe to particle centers (defined at t* = 0), for (a) σ p = 1, (b) σ p = 2, and (c) σ p = 5. Figure 6 speed up most appreciably, with that acceleration extending to further distances from the probe. Thus at large probe size, the caging problem is mitigated by the overall increased mobility of the surrounding particles whereas at smaller probe size the increased caging is not as strongly counterbalanced by the increased particle mobility. To investigate whether this is the case, the maxima of MSD par /MSD perp for systems with probes of σ p = 2-5 relative to the maximum of this quantity for the σ p = 1 system is plotted (Fig. 6(f) ). As expected, this quantity also increases approximately linearly at both t* = 50 and 500. To compare this to the potentially counterbalancing effect of the increased overall mobility of the surroundings, we plot D A(p) /D A(p = 1) . Because the diffusion constant increase need not track the actual values of the MSD at t* = 50 and 500, we also plot the values of the MSD for the large A particles (Fig. 2(a) ) for systems with σ p = 2 -5 relative to that with σ p = 1 at these times. We find that the values of the MSD at t* = 50 and 500 do track the diffusion constant. Moreover, despite the fact that the overall D and MSD values do increase with probe size, the maximal anisotropy increases more quickly with probe size; thus, we do not find clear evidence that the competing factors identified lead to the slowdown of the probe being most appreciable in the σ p = 2 probe-bearing system. However, it is apparent in Fig. 6 (e) that there is some deviation from linear behavior in the maxima of MSD par /MSD perp as a function of probe size, with a positive deviation apparent at σ p = 2. Additionally, Figs. 6(a) and 6(b) reveal that near the σ p = 2 probe, MSD par increases while MSD perp actually decreases relative to that for the σ p = 1 system, and this is the only probe size for which this occurs. As such, the degree of enhanced caging of the probe and the temperature dependence of probe diffusivity is likely related to a sensitive balance in particular motility patterns of the particles closest to the probes.
Stokes-Einstein behavior
As described in the Introduction, single molecule experiments have suggested that if probe rotational diffusion constants change with temperature in a manner that tracks the viscosity change of the probe-free system with temperature, it can be assumed that the probe diffusion is mirroring the dynamics of the probe-free host. Our results bring into question this assumption, at least for translation, since we find evidence for enhanced (anisotropic) host translational diffusion that results in unexpected enhanced caging and slower translational diffusion of the probe than would be expected at a given temperature in the probe-free host. To further investigate how the enhanced diffusion of the system and decreased diffusion of the probe may manifest in experimental measurements, we investigate the Stokes-Einstein (SE) behavior of probe-bearing supercooled KA systems. The SE relation can be expressed as Dηa/T = c with D the translational diffusion constant of tracer particles, η the shear viscosity of the system, T temperature, a the size of the tracer particle, and c a constant. While the SE relation was derived for large, massive tracer particles in a system of much smaller and lighter particles, it holds well for a variety of systems. 48, 59, 60 For probe-free KA and similar systems, it is known that at high temperatures, SE behavior for translations is obeyed while at temperatures associated with the supercooled regime, SE behavior does not hold and c increases with decreasing temperature. increasingly common. In the complex environments of supercooled liquids, where dynamic heterogeneities exist, probe behavior should not necessarily be expected to mirror host behavior. The assumption that probe behavior will mirror host behavior is a poor one for many reasons including that the probe may average over or alter dynamic heterogeneities in the system. Here, we investigate how probe behavior is altered in systems in which dynamics and dynamic heterogeneities are altered by the presence of the probe. In accordance with a previous study, we find that the presence of smooth probes larger than the host particles increases translational diffusion of the particles in the solvation shells near the probe. 41 Unexpectedly, we find that the probe does not exhibit enhanced translational diffusion as a result of the increased translational diffusion of the surrounding particles and instead exhibits suppressed translational diffusion. This occurs because the enhanced translational diffusion induced by the probe is anisotropic, with enhanced motility along the probe, promoting enhanced caging of the probe. Furthermore, we speculate that as a result of the competing effects from enhanced caging and enhanced host diffusion, while host behavior changes monotonically with probe size, probe behavior does not. In accordance with this finding, the temperature dependence of probe translational diffusion is found to deviate most from that of a probe-fee system for the modestly sized σ p = 2 probe. As a result of the competing effects that allow for slowed probe diffusion in the background of enhanced system mobility, Stokes-Einstein breakdown as it would most likely be measured in a probe-bearing experiment appears strongly suppressed even while the host particles in the probe-bearing system experience the same deviations from SE behavior that would be seen in the absence of probes. This work points out the unintuitive ways in which probes may not only alter their surroundings but also then respond to those altered surroundings.
